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The impact of surface vacancies and single adatoms on the magnetic properties of tetragonal L10
CoPt thin films is investigated from first principles. We consider Co and Fe single adatoms deposited
on a Pt-terminated thin film while a Pt adatom is assumed to be supported by a Co-terminated
film. The vacancy is injected in the top-surface layer of the films with both types of termination.
After finding the most stable location of the defects, we discuss their magnetic properties tight to
those of the substrate and investigate the magnetic crystalline anisotropy energy (MAE). Previous
simulations [Brahimi et al. J. Phys.: Condens. Matter. 28, 496002 (2016)] predicted a large out-of-
plane surface MAE for the Pt-terminated CoPt films (4 meV per f.u.) in contrast to in-plane surface
MAE for Co-terminated films (-1 meV per f.u.). Here, we find that the surface MAE is significantly
modified upon the presence of the atomic defects. All investigated defects induce an in-plane MAE,
which is large enough for Fe adatom and Pt vacancy to switch the surface MAE from out-of-plane
to in-plane for the Pt-terminated films. Interestingly, among the investigated defects Pt vacancy
has the largest effect on the MAE in contrast to Co vacancy, which induced the smallest but still
significant effect. This behavior is explained in terms of the orbital moment anisotropy of the thin
films.
I. INTRODUCTION
The magnetoscrystalline anisotropy energy (MAE) has
a prominent role in the realm of information technology
that depends on storing data in terms of magnetic bits.
Indeed, the MAE defines the energy barrier that stabi-
lizes the direction of magnetic moments. In this context,
the search for materials exhibiting large MAE, in par-
ticular those with a perpendicular magnetization, have
attracted a lot of interest because of their several pos-
sible applications in magneto-optical storage, magneto-
electronic devices and spintronics in general. 1–7.
Bulk CoPt binary alloy in the L10 structure is known
for its large uni-axial MAE, of around 1 meV8–17, which is
favored by its tetragonal distortion (see e.g. Refs.18–20).
Interestingly, when considered in the film-geometry along
the [001] direction, the same alloy was predicted to have
a large surface contribution to the MAE when the film
is terminated with a Pt surface layer19 in contrast to the
Co-terminated films19,21. Besides the (001) surface, we
note that several other surfaces of CoPt thin films were
recently investigated theoretically22.
The goal of our current study is to investigate the sta-
bility of the MAE of CoPt films against the presence of
atomic defects or vacancies, which constitutes an exten-
sion of our previous study, where we considered extended
defects, such as stacking faults and anti-sites defects.
Taken from another perspective, our study is interest-
ing in the context of magnetism of nanostructures down
to single atoms being at the vicinity of surfaces, wherein
one of the prospected aims is to explore the possibility of
stabilizing and manipulating single atomic magnetic bits.
We note that since the seminal work of Gambardella et
al.23 demonstrating large perpendicular MAE character-
izing Co adatoms deposited on Pt(111) surface, reach-
ing 10 meV, several theoretical and experimental studies
have been performed to explore the MAE, among vari-
ous properties, of single atomic defects on different non-
magnetic metallic substrates and in particular on Pt (see
e.g.24–28). The choice for Pt(111) surface was motivated
by its strong spin-orbit interaction carried by the 5d ele-
ment Pt, which can enhance the magnitude of the MAE.
The CoPt surface is in this context interesting since it
can also be terminated by a Pt layer which is already
magnetic because of the underlying Co layers. To our
knowledge, no investigation related to the MAE has been
devoted to the case of adatoms deposited on such alloys.
Furthermore, while the investigations on non-magnetic
substrates focus on the MAE of the adatoms, we aim at
scrutinizing how the low doping of magnetic impurities
can modify the MAE of the whole substrate.
We consider single atomic defects such as Co and
Fe adatoms supported by Pt-terminated (001) thin
CoPt films (see Fig.1(c-e-d)) and Pt adatom on the
Co-terminated ones (see Fig.1(c-e-d)). Our ab-initio
based simulations indicate that among the three types
of adatoms, Fe is found to induce the largest in-plane
MAE. Besides adatoms, we study single Co or Pt vacan-
cies (see Fig.1(a-b)). Similarly to the adatoms, we find
that vacancies favor an in-plane MAE of the films reach-
ing a maximum when the Pt vacancy in injected on the
surface. The article is organized as follows. First we pro-
vide a description of the utilized method and numerical
considerations, which is followed by the results section.
In the latter we address the structurall relaxations in-
duced by the defects and determine the most preferable
location of the adatoms. The impact of the adatoms and
vacancies on the magnetic properties of the substrate is
studied, which is followed by the investigation and anal-
ysis of the MAE. Finally, a conclusion summarizing our
ar
X
iv
:1
90
5.
00
67
4v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 2 
M
ay
 20
19
2results is provided.
II. METHOD
We simulate the CoPt thin films by adopting the slab
approach with periodic boundary conditions in two di-
rections while the periodic images in the third direction
are separated by a sufficient amount of vacuum (15 A˚) to
avoid interaction between neighboring supercells. Unit
cells with an odd number of planes (9 layers) are cho-
sen to avoid the pulay stress. The number of atoms per
layer in each unit cell is four for the different studied
cases as can be seen in some representative slabs shown
in Fig.1. Here it can be observed that for equiatomic L10
type of alloys two different surfaces, made of either Co
or Pt, exist when the slabs are stacked along the [001]
direction. On the one hand, single Co and Fe adatoms
are deposited on the Pt-terminated substrate while Pt
adatom is considered on top of Co-terminated surface.
On the other hand vacancies are injected in the surface
layer of both substrates. The self-consistent calculations
are carried out with the Vienna ab initio simulation pack-
age (VASP) using a plane wave basis and the projector
augmented wave (PAW) approach 29,30. The exchange-
correlation potential is used in the functional from of
Perdew, Burke and Ernzerhof (PBE) 31,32. The cut-off
energies for the plane waves is 478 eV. The integration
over the Brillouin zone was based on finite temperature
smearing (Methfessel-Paxton method) with a k-points
grid of 14× 14× 1 points. The energy convergence crite-
rion is set to 10−8 eV while the geometrical atomic relax-
ations for the surfaces calculations were stopped when the
forces were less than 0.01 eV/A˚. The MAE is extracted
from the difference between the total energies of the two
configurations: out-of-plane versus in-plane orientations
of the magnetic moments. A positive value indicates a
preference for the out-of-plane orientation of the mag-
netic moments.
III. RESULTS
A. Structural relaxations and magnetic moments
Vacancies. As mentioned previously, we inject va-
cancies, with a concentration of 25%, in the top-surface
layer of the CoPt alloy by removing either a Co or a Pt
atom depending on the surface termination (see Fig. 1(a-
b)). We provide in Table I the atomic magnetic moments
obtained after full atomic relaxations. The atoms la-
beled 1 and 2 relax differently along the z-direction lead-
ing to a sort of roughness, since the vacancy breaks the
intra-layer symmetry. Introducing the vacancy provides
enough space for the surface atoms to relax inward. In-
terestingly, the relaxation is much larger when creating
the vacancy in the Pt surface layer than in the Co surface
layer. In the case of the Pt vacancy, atoms 1 and 2 re-
lax respectively by -13.64 % and -10.86 % comparatively
to the bulk interlayer distance while for the Co vacancy
relaxations are more moderate, -7.54 % and -8.50 % for
respectively atom 1 and 2. We recall that for the per-
fect surface19, the surface layers relaxed by only -5,60%
and -4.30% for respectively the Pt- and Co-terminated
surfaces. The subsurface layer is also affected by the
missing surface atom, which introduces geometrical re-
arrangements of the atoms being more moderate for the
case of a Co vacancy (-1.12 %) than for the case of a Pt
vacancy (-7.06 %).
By scrutinizing the magnitude of the spin moments,
we found that surface Pt atoms surrounding the vacancy
experience a slight enhancement of the moments. For in-
stance Pt atoms, labeled as atoms 2, display a moment
of 0.49 µB as indicated in Table I instead of 0.42 µB ob-
tained on the perfect surface. Although the layer below
the subsurface layer did not relax geometrically, the mag-
netic moments can be strongly modified by the presence
of surface vacancies.
single adatoms. In the case of adatoms, we inves-
tigated the case of Co and Fe single atoms deposited
on the Pt-terminated surface of CoPt and of Pt atom
deposited on the Co-terminated surface (see Fig.1(c-e)).
We have explored three possible configurations that are
likely to be occupied by the single atoms: top-, bridge-
and hollow-sites. As can be grasped from Fig. 2, we found
that the ground state of Co and Pt adatoms is the hol-
low site in contrast to the Fe adatom, which prefers the
bridge-site.
Co and Pt adatoms experience strong inward relax-
ations of respectively -15.88 % and -26.42 %. In the case
of Fe adatom, which is located in the bridge-site, the
surface Pt atoms relax differently, depending on their
separation distance from the adatom. The ”bridge” on
which the Fe adatom is deposited define Pt atoms (1).
On the one hand, the distance between Fe and those Pt
atoms increases with respect to the bulk equivalent dis-
tance (3.48%). On the other hand, the adatom distance
to the other surface Pt atoms, denoted (2), decreases (-
8.02%). Similarly to the case of vacancies, the subsurface
layer experiences corrugation but with a much smaller
magnitude. The large relaxations have necessarily an
impact on the magnetic moments as shown by Table II.
After performing the structural relaxations, we inves-
tigated the magnetic moments of the films. We found
an enhancement of (6.5 %) and (26.19 %) of the mag-
netic moments of Co and Pt adatoms comparatively to
those carried by the top-surface layer of the perfect CoPt
surface (Co and Pt terminated films respectively). The
values of the Co and Fe magnetic moments, respectively
2.13 µB and 3.30 µB , as given in Table II are close to
those obtained previously on Pt(111) substrate 23,25,28.
Interestingly, the moment of Pt adatom increases and
reach a value of 0.53 µB , which is almost the double value
obtained for Pt atoms neighbors of adatoms deposited on
a Pt substrate.
3FIG. 1. Supercells used for the simulation of the (001) CoPt surface with different types of single atomic defects where the
blue, magenta and red spheres correspond respectively to the Co, Pt and Fe atoms: (a) Surface with Co vacancy, (b) Surface
with Pt vacancy, (c) Co adatom, (d) Pt adatom and (e) Fe adatom. The numbers 1, 2, 3, 4 and 5 refer to atoms with different
magnetic moments.
Co-vacancy
Layer Atom M (µB)
S
Co1
Co2
1.99
2.01
S-1 Pt 0.41
S-2
Co3
Co4
Co5
1.98
1.88
1.85
S-3 Pt 0.40
Center Co 1.93
Pt-vacancy
Layer Atom M (µB)
S
Pt1
Pt2
0.40
0.49
S-1 Co 2.00
S-2
Pt3
Pt4
Pt5
0.45
0.39
0.41
S-3 Co 1.91
Center Pt 0.41
TABLE I. Spin magnetic moments of thin films with vacancies injected in the top surface layer.
Co adatom
Layer Atom M (µB)
Adatom Co 2.13
S Pt 0.41
S-1
Co1
Co2
Co3
2.00
1.94
1.80
S-2 Pt 0.41
S-3 Co 1.90
Center Pt 0.40
Pt adatom
Layer Atom M (µB)
Adatom Pt 0.53
S Co 2.01
S-1
Pt1
Pt2
Pt3
0.38
0.41
0.35
S-2 Co 1.92
S-3 Pt 0.41
Center Co 1.92
Fe adatom
Layer Atom M (µB)
Adatom Fe 3.30
S
Pt1
Pt2
0.41
0.37
S-1
Co3
Co4
1.97
1.85
S-2 Pt 0.40
S-3 Co 1.91
Center Pt 0.41
TABLE II. Spin magnetic moments of CoPt thin films on top of which single adatoms are deposited.
4FIG. 2. Relative energies of the CoPt thin films as function of
the locations of Co, Pt and Fe single adatoms in top-, bridge-
and hollow-configurations. The reference energy is defined by
the hollow-configuration’s total energy.
B. Magnetic anisotropy energy
We extract the MAE from total energy differences ob-
tained after rotating the magnetic moments from out-
of-plane to in-plane directions, either the [110] or [100]
direction. As mentioned earlier, a positive sign of the
MAE indicates an out-of-plane preferable orientation of
the magnetic moments. We use the following formula to
extract the contribution of single atomic defects, being
adatoms or surface vacancies, to the total MAE:
Kdefect =
1
2
(MAEtotal −MAEdefect−free), (1)
where MAEtotal stands for the MAE of the slab including
the atomic defect. The factor of 1/2 originates from the
atomic defects being injected on both sides of the slab.
We note that Kdefect is not necessarily the sole MAE
of the defects but it includes the contributions of the
substrate reacting to the presence of the impurities.
In Fig.3(a), we plot the contribution of the investigate
single atoms and vacancies to the MAE. As we can see,
the difference between the MAEs of the two considered
in-plane directions is rather small for Co adatom and Pt
vacancy and reaches a maximum for the Fe adatom. For
conciseness, we focus the rest of our analysis on a single
in-plane direction of the magnetic moments, in particular
[100]. Interestingly, we find that all the defects favor an
in-plane orientation of the magnetic moments of the CoPt
film. On the one hand, Co adatoms on Pt-terminated
surface and Pt adatoms on Co-terminated surface con-
tribute with a practically similar in-plane MAE to the to-
tal MAE. Interestingly, one single Pt atom is not enough
to switch the MAE to point of plane as it is observed
for a full Pt layer covering an initially Co-terminated
surface19. On the other hand, Fe-adatom deposited on
Pt-terminated substrate exhibits a much larger in-plane
contribution to the MAE. Among all considered atomic
defects, the Pt (Co) vacancy is the one characterized by
the largest (smallest) in-plane contribution to the total
MAE. In other words, removing one of the surface Pt
atoms basically destroys the out-of-plane orientation of
the Pt-terminated CoPt surface by reducing the total
MAE by about -22.7 meV (see Fig.3(a)). Our simula-
tions indicate that with Co adatom, the Pt-terminated
CoPt thin film maintain its out-of-plane surface MAE,
which is not the case for an Fe adatom. According to
these results, this kind of single atomic defects have a
dramatic impact on the magnetic orientation of the thin
films since the values obtained have to be compared with
the defect-free surface contribution to the MAE, which
amounts to ≈ 16 meV and ≈ -4 meV for respectively
the Pt– and Co–terminated surfaces when the supercells
contain 4 atoms per layer19. Of course, the considered
defect concentration is not small in the investigated su-
percells, 25%, but these simulations indicate that in the
low concentration limit, a similar behavior is expected
locally, i.e. we expect regions surrounding the adatoms
or vacancies with a tendency to an in-plane orientation
of the magnetic moments. This aspect can find practical
applications for the manipulation of the MAE.3
To get further insights on the behavior of the MAE we
use the so-called Bruno’s formula 34:
MAE =
∑
i
ξi
4
(Li[001] − Li[100]), (2)
where i labels the different atoms of the supercells, ξ
is the strength of the spin-orbit interaction and L is
the orbital magnetic moment calculated when the spin
magnetic moment points along the [100] or the [001] di-
rections. This model results from perturbation theory
assuming that the exchange splitting is larger than the
bandwidth. Thus, its validity is probably limited only
to the 3d elements like Co and Fe atoms treated in this
manuscript. However, it is useful to consider it also for
the Pt atoms. The nature of this model permits to re-
late the MAE to the orbital moment anisotropy (OMA),
i.e. L[001] − L[100], of each contributing atom and leads
to the conclusion that the easy axis of magnetization co-
incides with the direction having the largest orbital mo-
ment. Obviously, with this approach we can access vari-
ous contributions to the OMA:
OMA = OMAdefect + OMAs + OMAb, (3)
where OMAb is the bulk contribution and OMAs corre-
sponds to the surface contribution defined by the change
of the OMA because of reduced dimensionality of the
slab. We note that in the case of vacancies OMAdefect =
0.
In Fig.3(b), we plot the different substrate and adatom
OMAs contribution to the total OMA compared to
Kdefect. Interestingly OMAs depends drastically on the
presence of the defects. We note that except for the case
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FIG. 3. (a) Contribution of single atoms and vacancies to the total MAE of the investigated unit cells. For completeness, we
consider both types of possible in-plane orientations of the moments, along the [110] shown with open symbols and along the
[100] direction shown with filled symbols. (b) Impurity-induced MAE and OMA compared to the surface OMA contributions
from the Co and Pt layers of the CoPt substrate.
of vacancies, the OMA of the substrate atoms (Co or Pt)
as well as of the adatoms favor an in-plane orientation of
the moments. Thus the resulting in-plane MAE contri-
bution of the adatoms to the total MAE is a conspiring
behavior favored by all elements of the considered CoPt
thin films, which experience an in increase of the orbital
moments when the spin moments lie in-plane. In the case
of the vacancies, the contributions of Co and Pt atoms
counter each other. For the Pt vacancy, the Pt contribu-
tion to the OMA is rather large and is the largest from
all the investigated cases. Considering that the spin-orbit
interaction’s weight is large for Pt, this may explain that
the Pt-terminated surface with a surface vacancy exhibits
the largest in-plane MAE contribution to the total MAE.
IV. CONCLUSION
We have investigated from ab-initio the magnetic prop-
erties of adatoms and vacancies on the surface of tetrago-
nal L10 CoPt thin films. After structural relaxations de-
termining the preferable sites of Co, Fe and Pt adatoms,
we explored the magnetic properties of the substrate and
defects. While Co and Pt adatoms prefer the hollow site,
Fe adatom favors the bridge site. The surface and sub-
surface atoms, to a lower extent, rearrange themselves
to accommodate the defects, which affects the spin and
orbital magnetic moments. This impacts the anisotropy
of the orbital magnetic moments of the defects and sub-
strate, which is maximized when the spin magnetic mo-
ments point in-plane. Within perturbation theory this
explains that the defects contribute by an in-plane MAE
to the total MAE. This result is in line with our previ-
ous findings that the out-of-plane MAE of L10 CoPt is
sensitive to defects19.
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